ABSTRACT
INTRODUCTION
The nature of volcanism in California changed markedly during the middle Cenozoic Era when segments of the East Pacific Rise approached and intersected a subduction zone along western North America ( Fig. 1) (Atwater, 1970 (Atwater, , 1989 Lipman et al., 1972; Christiansen and Lipman, 1972) . Prior to early Tertiary time, a belt of calc-alkalic Andean-type magmatism characterized eastern California along the Sierra-Nevada arc during subduction of the Farallon plate beneath North America Christiansen and Lipman, 1972; Snyder et al., 1976) . As parts of the Farallon plate were consumed at the subduction zone and the East Pacific Rise approached western North America, increasingly younger oceanic lithosphere was subducted (Atwater, 1970; Dickinson and Snyder, 1979a; Severinghaus and Atwater, 1990) . Subduction of young, buoyant oceanic crust and the ridge-trench interactions that ensued resulted in the termination of subduction, development of a no-slab region beneath the continental margin, cessation of Sierran arc magmatism, and the transition from a convergent to a transform plate boundary along western North America (Atwater, 1970 (Atwater, , 1989 Snyder, 1979a, 1979b; Severinghaus and Atwater, 1990) . Magmatism in California during this tectonic tran- GSA Bulletin; February 1995; v. 107; no. 2; p. 167-179; 9 figures; 4 tables. sition is characterized by localized bimodal volcanic assemblages that erupted in western California ϳ200 km west of the preexisting Sierran magmatic arc Pilger and Henyey, 1979; Snyder et al., 1976; Dickinson and Snyder, 1979a) . These near-trench volcanic rocks did not erupt in a ''typical'' tectonic setting (i.e., magmatic arc or continental rift zone) and, therefore, represent a distinct style of continental margin volcanism during a transition from a convergent to a transform plate boundary.
This study addresses the origin and petrogenesis of some of these middle Tertiary volcanic rocks and tests the existing tectonic models for their emplacement by using Nd and Sr isotopes, their spatial and temporal distributions, and trace and major element chemistry. We conclude that magmas for middle Tertiary near-trench volcanism in California were derived from a more widespread depleted suboceanic mantle component than previously recognized for this region. These results are consistent with tectonic models, which show that segments of the East Pacific Rise had intersected the continental margin before and during these volcanic episodes. Our model suggests that depleted mantle, which was emplaced beneath the continental margin during ridge subduction, became a source of magma for episodes of near-trench volcanism.
GEOLOGIC BACKGROUND AND STUDY AREA
The transform boundary between the Pacific and North American plates, represented today by the San Andreas fault system, joins two triple junctions (Fig. 1) . The Mendocino triple junction is a transformtransform-trench triple junction that is migrating to the northwest, and the Rivera triple junction is a ridge-transform-trench triple junction that is migrating to the southeast. Judging from recent plate reconstruction models and refinements of earlier models (Engebretson et al., 1985; Stock and Molnar, 1988; Atwater, 1989; Severinghaus and Atwater, 1990) , small segments of the East Pacific Rise interacted complexly with the western margin of California during the initial stages of the convergent-to-transform transition.
Previous studies revealed a relationship between the distribution and ages of some Miocene volcanic units in western California and the northwestward migration path of the Mendocino triple junction (Snyder et al., 1976; Snyder, 1979a, 1979b; Johnson and O'Neil, 1984; Fox et al., 1985) . These studies suggest that the progressive northwestward cessation of Sierran arc volcanism and the eruption of a series of Miocene volcanic centers that become younger to the northwest in western California were a direct response to Mendocino triple junction migration. Whereas some Miocene volcanic centers east of the San Andreas fault do become younger to the northwest (Table 1, Fig. 2 ), two coeval groups of volcanic rocks, primarily on the west side of the San Andreas fault, do not fit this trend. These two groups of volcanic rocks were emplaced during the initial phases of the convergent-to-transform transition and are the focus of this paper. The two groups are distinguished from each other primarily on the basis of age and partly by their geographic distributions (Table 1 , Fig. 2 ). One of these groups has an age range between ca. 22 and 26 Ma and is found mostly in the Coast Ranges of western California. These rocks are referred to in this paper as the Coast Range Province volcanic rocks. A second group of volcanic rocks, which has an age range between ca. 16 and 19 Ma, is primarily located within the Santa Maria Province of west-central California.
EXPERIMENTAL PROCEDURES AND SAMPLES
A set of 37 samples from 19 late Oligocene-early Miocene volcanic units in western California was analyzed for Nd-and Srisotopic compositions and major and trace element chemistry (Tables 2-4) . About 50 g of each sample was crushed in a zirconia mill. Most trace element concentrations were determined by inductively coupled plasma-mass spectroscopy (ICP-MS) at Batelle Pacific Northwest Laboratories. The ICP-MS data for the trace elements were checked against the BCR-1 (U.S. Geological Survey, Columbia River basalt) rock Weigand and Thomas (1990) , who presented trace and major element data for these two rocks. Sr and Nd isotopic data were collected for all samples with a VG Sector thermal ionization mass spectrometer at the University of Rochester using the procedures outlined by Basu et al. (1990) .
MAJOR AND TRACE ELEMENT GEOCHEMISTRY
Volcanic rocks from the Coast Range and Santa Maria Provinces are generally bimodal in composition, including a basalt end-member and an acidic end-member of mostly rhyolite and dacite with minor trachyte ( Fig. 3 ) (classification is after Le Bas et al., 1986) . Few samples exhibit intermediate SiO 2 concentrations and include basaltic andesite, andesite, and trachyandesite (Fig. 3) . In both suites MgO and Al 2 O 3 correlate negatively, whereas Na 2 O and K 2 O correlate positively with SiO 2 . The basalts of each group are transitional between subalkalic and alkalic types on the basis of weight percent of total alkalis versus SiO 2 .
All of the samples from each province exhibit variable degrees of light rare earth element (LREE) enrichment (Figs. 4 and 5) . Overall, rock samples from the Coast Range Province show greater LREE enrichment than samples from the Santa Maria Province among all rock types. For example, La/Sm ratios for Santa Maria Province acidic, intermediate, and basic rocks are 1.8 -6.0, 2.4 -4.2, and 1.7-2.8, respectively. La/Sm ratios for Coast Range Province acidic, intermediate, and basic rocks are 2.9 -7.6, 4.3-5.1, and 2.1-5.5, respectively. Rhyolite and Sr crust (Fig 6) . Evidence that each province consists of a related suite of rocks includes the correlations of radiogenic isotopic ratios with SiO 2 (Fig. 7) , the coherent variations among major and trace elements (Cole, 1993) , and the coeval ages of eruptions in each province (Table 1) . Comagmatic relationships for some of these volcanic units have also been inferred by Weigand (1982) , Johnson and O'Neil (1984) , Weigand and Thomas (1990) , and Frizzell and Weigand (1993) . Although the Coast Range and Santa Maria Provinces volcanic units represent separate age suites, our major and trace element and isotopic data, together with the common tectonic setting, suggest that volcanic rocks of each province may share a common petrogenetic history.
The Nd-and Sr-isotopic data for these rocks may be interpreted to indicate that ba- salts of each province were derived from depleted magmas similar to those of midocean-ridge basalts (MORB) (Fig. 6 ) (e.g., Sun and McDonough, 1989 (Dickinson et al., 1982; McLean, 1991) along with blueschist and ultramafic rocks; (2) Mesozoic granitic and metamorphic rocks of the Salinian terrane; and (3) Kistler and Peterman, 1978; Mattinson, 1990; DePaolo et al., 1991; Linn et al., 1991) (Fig. 6) . The Nd and Sr isotopic trends of the Coast Range and Santa Maria Provinces volcanic rocks could have resulted from mixing between depleted basaltic magma and melts of these crustal components. Assimilation of crustal rocks by depleted magmas to form the Coast Range and Santa Maria Provinces acidic rocks also is demonstrated by the coherent variations between Nd and Sr isotopic ratios and SiO 2 (Fig. 7) . These variations would not result from closed system fractionation of a mantle-derived magma, but require mixing with, or assimilation of, isotopically distinctive crustal components (Leeman and Hawkesworth, 1986; DePaolo, 1988) .
The effects of crustal contamination of mantle-derived magmas may also be ascertained from trace element concentrations (Leeman and Hawkesworth, 1986; Sun and McDonough, 1989) . In upper crustal rocks, trace elements such as Rb, Th, U, K, and the LREE tend to be enriched, whereas Ba, Nb, and Ta are typically more depleted. The progressive enrichment in Rb, Th, U, K, and the LREE with increasing SiO 2 contents among the Coast Range and Santa Maria Provinces volcanic rocks, from basalt through rhyolite, dacite, and trachyte (Figs. 4 and 5), strongly suggests assimilation of crustal components by mantle-derived basaltic magmas. Even the basalts of this study with high initial εNd and low initial 87 Sr/ 86 Sr values show variable incompatible trace element enrichment. We suggest here that these basalts, despite their origin from depleted mantle, have undergone some assimilation of crustal material with accompanying fractional crystallization. This resulted in their enrichment with incompatible elements as compared to MORB (Figs. 4 and 5) . In addition, the marked depletions of Ba, Nb-Ta, Sr, and Ti in the Coast Range and Santa Maria Provinces acidic rocks resemble the characteristics exhibited by upper continental crustal rocks (Taylor and McLennan, 1985) . The depletion of these elements relative to chondrite is characteristically absent in the Coast Range and Santa Maria Provinces basalt (Figs. 4 and 5) .
The concentration ratios between highly incompatible trace elements are another useful means to evaluate mixing between mantle and crustal sources. Such ratios should be constant during fractional crystallization processes but will vary if two source components of different compositions are mixed (e.g., Loubet et al., 1988 (Table 3) , which are similar to those of MORB (Loubet et al., 1988) . These ratios are typically much higher in the lower and upper continental crust (Taylor and McLennan, 1985) . The Coast Range and Santa Maria Provinces acidic rocks exhibit high Th/Ta and Ba/Ta ratios of 2.36 -21.22 and 53.93-908.33, respectively (Table 3) . Thus mixing of MORB-like magmas and enriched crustal components is suggested by the observed variations of Th/Ta and Ba/Ta among the Coast Range and Santa Maria Provinces volcanic suites.
In addition to crustal assimilation, the trace element variations among Coast Range and Santa Maria Provinces volcanic rocks also suggest that fractional crystallization had occurred. The decrease of Sr and Ti in the acidic rocks of each province may be attributed to fractionation of plagioclase and Fe-Ti oxides (e.g., magnetite), respectively. In addition, fractionation of olivine and clinopyroxene from the basalts is suggested by the progressive decrease of Sc and MgO from basalts to more silica-rich rocks (Tables 2 and 3) .
In summary, our evaluation of the isotopic and geochemical data for the Coast Range and Santa Maria Provinces volcanic rocks suggests open-system differentiation of a depleted-mantle derived magma by combined assimilation of enriched crust and fractional crystallization processes. The greater concentration of the incompatible trace elements, including the LREE, in the Coast Range Province samples suggests that its magmatic source may have undergone a greater degree of assimilation-fractionation and/or assimilated a more enriched crustal component than the Santa Maria Province magmas. Several basalt samples of each province retain a depleted mantle Nd and Sr isotopic signature, which provides control on the mantle end-member composition (Fig. 6) . Based on the observed LREE-enrichment in these end-member basalts as compared to MORB, we suggest that these basalts underwent a small degree of crustal assimilation and/or fractional crystallization and represent a slightly enriched and modified depleted-mantle end-member component. Available isotopic data for basement rocks in the Coast Range and Santa Maria Provinces provide a crustal end-member compositional field (Fig. 6) (Kistler and Peterman, 1978; Mattinson, 1990 ; DePaolo et al., 1991; Linn et al., 1991) . Mixing among these end-member components resulted in the observed isotopic compositions of the Coast Range and Santa Maria Provinces volcanic rocks.
TECTONIC MODELS FOR VOLCANISM
The predominantly bimodal nature, localized eruption centers, depleted isotopic signatures, and proximity of volcanism to the paleo-subduction zone suggest a unique setting for the Coast Range and Santa Maria Provinces volcanic rocks. Several hypotheses have been proposed to relate late Oligocene-early Miocene volcanism in western California (including the Coast Range and Santa Maria Provinces volcanic rocks) to processes associated with different plate interactions. These hypotheses include volcanism in relation to the migration of the Mendocino triple junction, subduction-related processes, and regional extension or transtension along pre-San Andreas strike-slip faults during East Pacific Rise-trench interactions. In this section we discuss these hypotheses with regard to the spatial, temporal, geochemical, and isotopic data for the Coast Range and Santa Maria Provinces volcanic rocks.
Mendocino Triple Junction Migration
One hypothesis for late Oligocene-early Miocene volcanism in western California involves the northwestward migration of the Mendocino triple junction. This hypothesis is based on spatial and temporal correlations between the northwestward migration of volcanism in California and the passage of the triple junction Snyder et al., 1976; Dickinson and Snyder, 1979a; Glazner and Supplee, 1982; Johnson and O'Neil, 1984; Fox et al., 1985) . In this hypothesis, a potential magma source for volcanism may have been subcontinental mantle that upwelled into a slabwindow beneath western California during passage of the triple junction (Dickinson and Snyder 1979b; Johnson and O'Neil, 1984; Fox et al., 1985) .
Whereas the migrating Mendocino triple junction model is tenable for some Tertiary volcanic units in California, inconsistencies in this model for the Coast Range and Santa Maria Provinces volcanic units are based on their temporal and spatial relations (Fig. 8) . Stanley (1987) demonstrated that many middle Tertiary volcanic units, including the Coast Range Province and Santa Maria Province, do not define a trend of decreasing age to the northwest. The relatively widespread paleogeographic distribution of Coast Range and Santa Maria Provinces volcanic rocks invokes spatial problems when attempting to relate particular volcanic centers to a particular position of the Mendocino triple junction at a given time. For example, based on paleogeographic reconstruction of volcanic units analysed in this study, the Mindego Basalt and Plush Ranch Formation basalt erupted coevally, but were several hundred kilometers apart (Fig. 8) . This is true for many of the late Oligocene-early Miocene volcanic units in western California which, in the past, have individually been attributed to the passage of the Mendocino triple junction. Realistically, the Mendocino triple junction could not have been located in two, or more, different places at the same time; therefore some other model is required to account for the widespread coeval distribution of Coast Range and Santa Maria Provinces volcanism. Dickinson and Snyder (1979a) and Hall (1981) also recognized that volcanic rocks in the Santa Maria Province were younger than would be expected if they were related to the passage of the Mendocino triple junction and attributed these rocks to later strike-slip faulting.
Subduction-Related Processes
As an alternative to the Mendocino triple junction model, Weigand (1982) attributed parts of early Miocene volcanism in southern California (including parts of the Coast Range Province and Santa Maria Province) to Farallon plate subduction, which according to the reconstructions by Engebretson et al. (1985) continued beneath southern California until ca. 16 Ma. Other studies also have suggested subduction as a model for early Miocene near-trench volcanism in southern California Pilger and Henyey, 1979) . According to some of these models, subduction of young, hot oceanic lithosphere beneath southern California with the approach of the East Pacific Rise could have induced melting of overlying subcontinental lithosphere farther to the west than expected for cold-slab subduction. This would have resulted in a westward shift in the locus of volcanic activity and narrowing of the arctrench gap Pilger and Henyey, 1979 ). While we agree that there are spatial and temporal inconsistencies in correlating Coast Range and Santa Maria Provinces volcanic rocks with Mendocino triple junction migration, we disagree with the subcontinental lithospheric source of magma for these rocks implied by the subduction models.
Ridge-Trench Interactions
As an alternative to previous tectonomagmatic models for these rocks, we suggest that Coast Range and Santa Maria Provinces volcanism was a response to interactions between segments of the East Pacific Rise and the continental margin prior to development of the Mendocino triple junction. Our results, here and in Cole and Basu (1992) , indicate a more prevalent depleted mantle source of magma than previously recognized for volcanism in the Coast Range and Santa Maria Provinces. We suggest that melts of this depleted source erupted to form basalt and also assimilated and melted enriched crustal rocks to form acidic magmas. This is generally consistent with models of earlier studies, which suggested that mantle material welled up into a space (slab-window) beneath the continental margin (e.g., Snyder, 1979a, 1979b; Johnson and O'Neil, 1984) . We contribute to this model by more clearly defining a depleted MORB-like end-member composition, which can be attributed to suboceanic lithospheric mantle or upper asthenospheric sources as opposed to subcontinental lithospheric mantle sources within the initial slab window (Fig. 9) . Based on our data we suggest that the Coast Range and Santa Maria Provinces volcanic rocks were derived from a more depleted source than typically attributed to enriched subcontinental lithospheric mantle melts (Menzies, 1983; Perry et al., 1987) . Subcontinental lithospheric mantle may have been a more important magma source farther to the east (e.g., along the east side of the modern San Andreas fault), where North American continental crust and remnant subcontinental lithosphere may have been present beneath parts of the Sierran fore-arc basin (DePaolo, 1988 ). In our model, suboceanic mantle welled up beneath parts of southern California along segments of the East Pacific Rise that intersected the North American subduction zone and that possibly continued to diverge to form a slab-window (e.g., Dickinson and Snyder, 1979b; Severinghaus and Atwater, 1990) .
Our model is consistent with the restored spatial and temporal distributions of the Coast Range and Santa Maria Provinces volcanic units and recently revised plate reconstruction models, which show that before the Mendocino triple junction was formed along western North America, several short East Pacific Rise segments existed along the western margin of southern California south of the Mendocino fracture zone (Fig. 8 ) (Stock and Molnar, 1988; Atwater, 1989; Severinghaus and Atwater, 1990) . The positions of these short East Pacific Rise segments coincide with the restored distributions of Coast Range and Santa Maria Provinces volcanic rocks (Fig. 8) . According to these reconstructions, the Mendocino triple junction would have formed after several of these East Pacific Rise segments reached the subduction zone, north of the paleogeographic positions of the Santa Maria Province and many of the Coast Range Province volcanic rocks (Fig. 8) . If this is true, then asthenospheric upwelling associated with the passage of the Mendocino triple junction would not have been responsible for Coast Range and Santa Maria Provinces volcanism. Instead, the source of depleted magma for Coast Range and Santa Maria Provinces volcanism would have existed when segments of the East Pacific Rise intersected the continental subduction zone and suboceanic mantle was emplaced beneath southern California (Figs. 8 and 9 ). Magmas then reached the surface during two successive episodes of crustal extension or transtension and basin development.
A regional episode of late Oligoceneearly Miocene extension and basin formation in southern California that coincided with the episode of Coast Range Province volcanism of this study may be defined by compiling the results of several studies, which are summarized in Stanley (1987 ), Crowell (1987 , Atwater (1989), and Cole (1993) . Many of these studies document the presence of Coast Range Province volcanic units within extensional or transtensional basins; this links Coast Range Province volcanism with widespread crustal extension, which may have been associated with pre- (Hornafius et al., 1986; Luyendyk, 1991) , and local areas of extension formed along the mismatches between rotating blocks in an overall releasing geometry of a strike-slip system. Thickness and facies trends of some of the Santa Maria Province volcanic rocks suggest that they probably erupted into some of these local zones of extension Cole, 1993) .
After the East Pacific Rise segments intersected the continental margin, and the Pacific plate reorganized south of the Mendocino fracture zone (Severinghaus and Atwater, 1990 ), the Mendocino triple junction was established north of where the Santa Maria Province and most of the Coast Range Province volcanic rocks erupted (Fig. 8) . Subsequent northwestward migration of the Mendocino triple junction may then have been responsible for the volcanic centers, which were erupted along the east side of the modern San Andreas fault and which are younger to the northwest (Table 1, Fig. 2 ) (Dickinson and Snyder, 1979a; Johnson and O'Neil, 1984; Fox et al., 1985) . Accompanying the migration of the Mendocino triple junction was expansion of the slab-window beneath the continental margin (Dickinson and Snyder, 1979b; Severinghaus and Atwater, 1990) . Our study demonstrates that this slab-window filled initially with depleted suboceanic mantle, which was a source for the Santa Maria and Coast Range Provinces volcanic rocks. Low initial 87 Sr/ 86 Sr ratios and high initial εNd values for basalt in the Sonoma-Tolay volcanic center (Fig. 2, Table 1 ) (Johnson and O'Neil, 1984; C. Johnson, 1994, personal commun.) indicate that depleted mantle continued to fill the slab-window as it expanded towards the northwest and was also a source for younger volcanism.
CONCLUSIONS
The results of this study suggest that midocean ridge and trench interactions were important for volcanism during middle Tertiary time in western and southern California. These types of interactions have been documented for other plate boundaries throughout the geologic past and, as suggested by Cox and Hart (1986) , must have occurred whenever an ocean basin has closed. Other examples of near-trench volcanism attributed to ridge-trench interactions have been described for Japan (Uyeda and Miyashiro, 1974; Hibbard and Karig, 1990) , the Aleutian arc (Marshak and Karig, 1977; Moore et al., 1983) , southern Chile (Forsythe et al., 1986 ) and the Pacific northwest (Wells et al., 1984) . Aside from our studies, this model has not previously been entertained for rocks of the Coast Range and Santa Maria Provinces. Johnson and O'Neil (1984) and Hurst (1982) , however, described other middle Tertiary volcanic rocks in southern California and Baja that they attribute to ridge-trench interactions related to the Rivera triple junction. The combined results of all these studies suggest that ridge-trench interactions may result in unique and important tectonomagmatic events. In particular, we conclude that subduction of the East Pacific Rise and the juxtaposition of suboceanic mantle beneath the continental margin were a more widespread mechanism of middle Tertiary volcanism in southern and western California than previously recognized. In this model, Santa Maria and Coast Range Provinces volcanism was a result of processes closely associated with short-lived ridge-trench-transform triple junctions where small ridge segments were overriden by the leading edge of the continental margin.
